Although mechanical stimulation is considered a promising approach to accelerate implant integration, our understanding of load-driven bone formation and resorption around implants is still limited. This lack of knowledge may delay the development of effective loading protocols to prevent implant loosening, especially in osteoporosis. In healthy bone, formation and resorption are mechanoregulated processes. In the intricate context of peri-implant bone regeneration, it is not clear whether bone (re)modelling can still be load-driven. Here, we investigated the mechanical control of peri-implant bone (re)modelling with a well-controlled mechanobiological experiment. We applied cyclic mechanical loading after implant insertion in tail vertebrae of oestrogen depleted mice and we monitored peri-implant bone response by in vivo micro-CT. Experimental data were combined with micro-finite element simulations to estimate local tissue strains in (re)modelling locations. We demonstrated that a substantial increase in bone mass around the implant could be obtained by loading the entire bone. This augmentation could be attributed to a large reduction in bone resorption rather than to an increase in bone formation. We also showed that following implantation, mechanical regulation of bone (re)modelling was transiently lost. Our findings should help to clarify the role of mechanical stimulation on the maintenance of peri-implant bone mass.
Background
Osteoporosis is one of the most common musculoskeletal diseases among the elderly population. It is characterized by a structural and material deterioration of bone, resulting in an increased probability of bone fracture [1] . Osteoporosis may also impair fracture fixation due to biomechanical and biological reasons [2] [3] [4] [5] [6] [7] [8] . Mechanical loading administered via physical exercise or vibration platforms has a beneficial effect on bone mass and architecture; it is therefore regarded as a promising drug-free approach to improve implant fixation [9] . Indeed, it is unquestioned that bone responds to mechanical stimulation: new bone formation is more likely at sites where local strains are high and resorbed at locations of mechanical disuse [10] . However, the mechanical control of modelling and remodelling processes-collectively referred to as bone (re)modelling-can be altered by ageing, bone diseases or orthopaedic manipulations like implant insertion. There are clinical cues that aged and osteoporotic bone is less responsive to loading than younger healthy bone [11, 12] . Furthermore, the knowledge about the regulation of bone formation and resorption by mechanical strains around implants is very limited, thus hampering the development of effective loading protocols to prevent implant loosening.
A basic approach to investigate the mechano-responsiveness of bone is based on application of controlled loading and monitoring of the consequent bone reaction. This can be done either with computer models, which are a & 2019 The Author(s) Published by the Royal Society. All rights reserved.
valuable tool to test load-driven changes in virtual bones at multiple length scales [13 -18] , or with mechanobiological experiments on living bones. To characterize the mechanical regulation of bone (re)modelling in vivo, three requirements have to be fulfilled: (i) a well controlled load has to be applied to the investigated bone; (ii) the reaction of the bone has to be quantified by precise measurements of static and dynamic morphometric parameters, and (iii) the local mechanical environment at the tissue or cellular level has to be determined. For load application, a variety of animal models is available, such as tibia and ulna loading [19, 20] , loading of tail vertebra via pins inserted in the neighbouring vertebrae [21, 22] , as well as whole body vibration [23] . Bone architecture and (re)modelling can be measured either at the endpoint by histology or in vivo by micro-computed tomography (micro-CT). This technique enables three-dimensional characterization of bone architecture, (re)modelling and mineralization over several weeks [24 -28] . Micro-CT images can be further exploited to generate finite element (FE) models of the bone, allowing the calculation of local mechanical strains [29] . By correlating the mechanical environment with the (re)modelling activity, the mechanical regulation of bone formation and resorption can be assessed. This approach was used in mouse tail vertebrae subjected to cyclic mechanical loading and provided quantitative formulations, referred to as (re)modelling rules, linking bone formation and resorption to the local mechanical cues [10] . Subsequent studies adopted a similar mechanobiological framework to investigate loaddriven bone (re)modelling in other species or skeletal locations [30, 31] , including the distal radius of post-menopausal women [32] . The specific influence of age on the mechanical control of bone (re)modelling was characterized in tibiae of young, adult and old mice [33] . Although in vivo micro-CT has been used to monitor bone (re)modelling around implants [6, [34] [35] [36] , an experimentally based and quantitative formulation of (re)modelling rules characterizing the mechano-responsiveness of peri-implant bone is still missing.
In general, bones subjected to mechanical loading respond by increasing bone formation and decreasing bone resorption, resulting in a net gain of bone mass and strength, mainly in the direction of the applied load [37] . The presence of an implant alters the (re)modelling process: both bone formation and bone resorption are substantially higher, especially in the first weeks following implant insertion [6,34 -36,38] and close to the implant [6, 35] . In the complex process of peri-implant bone regeneration, it is not clear whether bone formation and resorption are still driven by local mechanical stimulation.
The main goal of this study is to investigate the response of bone with an implant to mechanical loading. We used a combined experimental-computational approach where load-driven bone (re)modelling following implant insertion was measured in mice by in vivo micro-CT. Tissue strains were computed with image-based micro-finite element analysis. The specific aims of the work are: (i) to determine whether the global mechano-responsiveness of bone is compromised by the presence of an implant, (ii) to investigate the effect of mechanical loading on local bone formation and bone resorption within peri-implant bone, and (iii) to derive (re)modelling rules linking bone formation and resorption to tissue strains within the peri-implant region.
Material and methods

Implant insertion, in vivo loading and micro-CT imaging
Twelve female C57BL/6JRj (Janvier Labs, France) mice were used in the study. Animals were housed under specificpathogen-free conditions at a 12/12 h light cycle and given free access to drinking water and a standard diet. To induce osteopenic conditions, bilateral ovariectomy was performed at the age of 12 weeks. An anti-inflammatory medication (meloxicam, 2 mg kg
21
) was administered pre-emptively and for 3 days after surgery. Nine weeks later, three implants were placed sequentially under fluoroscopic control into three adjacent caudal vertebrae (CV) (figure 1a), using a previously developed procedure [21, 34, 37] . The first and third implants were stainless steel pins (diameter 0.5 mm, Fine Science Tools, Germany) and used for load application. The middle implant (diameter 0.5 mm) was designed for micro-CT scanning and consisted of a metal-ceramic composite material (Composite Metal Technology Limited, UK) coated with a thin titaniferous layer ( pfm medical titanium gmbh, Germany) to improve biocompatibility [6, 34] . After a healing period of three weeks, mice were divided into a group subjected to cyclic mechanical loading (CML, n ¼ 6) and a control group (CTR, n ¼ 6). Sinusoidal loading along the cranio-caudal axis (8 N, 10 Hz, 3000 cycles) was applied to CV6 via the pins in CV5 and CV7, three times a week for four weeks [10, 21, 24, 39] . The controls received sham loading for 5 min. One animal per group was excluded from the study due to implant misplacement. Therefore, the final sample size was n ¼ 5 per group. Relatively small populations are common in longitudinal studies where bone changes of individual animals are followed over time, giving much less variance with respect to cross-sectional studies. Even more, bone structural and (re)modelling parameters are usually quantified in well-defined volumes of interest which are mapped from baseline images onto subsequent scans using image registration [40] . Longitudinal scanning combined with registration algorithms has been shown to increase the precision of in vivo micro-CT measurements, allowing detection of significant changes in bone behaviour using a limited number of animals per group [40 -42] . All in vivo animal procedures were performed under isoflurane anaesthesia and approved by the local authority (Veterinäramt des Kantons Zü rich, Switzerland, License No. 36/2014).
CV6 was scanned by in vivo micro-CT (vivaCT40, Scanco Medical, Switzerland): the first two scans were performed before OVX/SHM surgery and nine weeks after surgery to check bone loss; the other scans were done right after implantation (week 0), 10 days after implant insertion (week 1.5), before loading (week 3) and once per week during the loading therapy (week 4 -7), (figure 1b). Image acquisition and processing were carried out as extensively reported in previous works [6,24,25,34,43 -45] . Briefly, scans were performed with tube voltage of 55 kVp, current of 145 mA, 500 projections and acquisition time of 350 ms (no frame averaging). The field of view was 21 mm and the three-dimensional (3D) images were reconstructed at a nominal isotropic voxel size of 10.5 mm. The total scanning time per animal was about 15 min, corresponding to an estimated radiation dose of 480 mGy per scan [34] . The grey-scale images at week 0 were aligned along the craniocaudal axis and consecutive images were registered using rigid registration with an interpolation algorithm based on B-splines [46] . Images were then filtered (sigma 1.2, support 1), and a global threshold (31.6% of the maximum grey value, corresponding to 560 mg HA/cm 3 ) was applied. Voxel-based regions of bone formation and bone resorption were obtained by superimposing two consecutive scans. Bone voxels only present in the first image were classified as resorbed bone, whereas voxels appearing only in the second scan were defined as formed bone. All remaining voxels were considered quiescent bone. Single formed and resorbed voxels were removed to decrease registration and partial volume errors [24] . The implant was segmented from the surrounding bone using a semi-automatic approach based on manually drawing a mask around one cross-section of the implant, which was then automatically matched on all the remaining cross-sections along the entire implant length [34] . To elucidate the role of mechanical loading in the proximity of the implant we defined a peri-implant bone region as a cylindrical volume of interest around the implant extending up to 420 mm away from the implant surface, with the exclusion of a two-voxel thick layer in contact with the implant to reduce the overestimation of local bone volume due to partial volume effects [34] . The size of the peri-implant bone region is comparable with implant diameter and included the damaged zone caused by implantation which was visually detectable in the micro-CT images. Peri-implant bone was further subdivided into three concentric layers, layer 1 (L1), layer 2 (L2) and layer 3 (L3), of equal thickness (figure 1c). Bone located outside the peri-implant region was referred to as distant bone and was separated into trabecular and cortical compartment using an automated script [37, 47] .
We characterized the global response of the implanted bones by monitoring trabecular bone volume fraction (BV/TV) and cortical thickness (Ct.Th) in the distant bone region. Others standard architectural parameters were also calculated according to the guidelines of Buxsein et al. [48] and reported as electronic supplementary material (electronic supplementary material, table S1). Close to the implant we computed peri-implant bone volume by calculating the total bone voxels within peri-implant bone, normalized by the apparent total volume of the periimplant region (which included both trabecular and cortical bone). Within each layer, we computed the bone volume normalized by the corresponding total volume of the layer. Bone formation and resorption rates (BFR and BRR) were calculated in all regions based on the number of formed and resorbed voxels between two measurements [25] . In the post-implantation recovery period, scans at week 1.5 were registered on scans at week 0, and scans at week 3 on scans at week 1.5. During loading, scans were superimposed considering a two-week time interval in accordance with a previous reproducibility investigation [34] . This procedure enabled the spatio-temporal characterization of voxel-based bone (re)modelling.
Local tissue strain determination by image-based finite element analysis
We used image-based microstructural finite element analysis (micro-FE) to estimate local tissue strains in the implant-supplied vertebra CV6. FE models were generated by a direct conversion of the micro-CT datasets (voxel based) into FE meshes of identical 8 node cubic elements. We assumed isotropic linear elastic properties for both bone and implant with Young's modulus (E) of 14.8 GPa [21] and of 130 GPa [34] , respectively (Poisson ratio was 0.3 for both materials). To facilitate load application and to avoid unrealistically high strains on the bone surface, idealized thin intervertebral discs were added to the proximal and distal ends of the mouse vertebra and assigned the same elastic properties as bone [10, 21, 49] . Axial load was applied at the distal intervertebral disc while the proximal disc was fixed as in the experimental set-up [21] . We considered two different magnitudes for the applied static load: 8 N in case of external mechanical stimulation and 4 N [50] if only physiological loading was present. Specifically, 4 N were used before loading (week 0 and week 1.5) and in the control group. The FE models had approximately 2.5 million elements and were solved with ParOsol [51] running at the Swiss National Supercomputing Centre (CSCS, Switzerland) on 128 CPUs. The convergence behaviour of high resolution micro-FE strongly depends on the size of the element, which must be smaller than the characteristic length associated with strain gradients in the models [52] . This is usually obtained using element size smaller than one fourth of the average trabecular thickness [53 -55] , which is a condition well satisfied in our study where the element size was 10.5 mm and the average trabecular thickness about 70 mm. The output of the FE analysis was the local strain energy density (SED), defined as the energy associated with the elastic deformation of the bone tissue per unit volume and the effective tissue microstrains [56] , computed as e eff ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
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Correlation between tissue strain and bone (re)modelling
To investigate the correlation between local mechanical tissue strain and bone (re)modelling, we extracted local tissue strain at bone surfaces where bone formation or resorption occurred [10] . This was facilitated by the direct correspondence between micro-CT voxels and mesh elements. The obtained FE data were analysed in two ways: firstly, we built frequency distributions of microstrains in formation and resorption regions. The distributions were rescaled to a unit area in order to eliminate differences in formed and resorbed bone volumes [10, 32] . With this normalization, the frequency distributions are relative to the total number of (re)modelling events occurring at the bone surface [33] . This is crucial to have an unbiased characterization of bone mechanoregulation, especially when the overall bone mass increases or decreases. Secondly, for each value of tissue microstrain, we calculated the relative fraction of surface voxels being formed or resorbed with respect to the total number of voxels available at the surface for that specific strain level. The obtained values plotted against the mechanical stimulus (microstrain or SED) can be interpreted as a (re)modelling probability, i.e. the probability of a (re)modelling event taking place within a given time interval and for a given level of mechanical stimulus [10, 14, 33] .
Statistics
For all the reported parameters, a paired t-test was used to assess significant differences between the first and the last time point of the loading phase within the same group. Mann -Whitney rank sum test was used to test significant differences of architecture and remodelling parameters between the loaded and control groups since not all the data were normally distributed nor did they always have equal variance. Possible differences in tissue strains between formation and resorption locations were investigated with the unpaired t-test after checking the data were normally distributed with a Shapiro-Wilk test. p-Values smaller than 0.05 were considered significant.
Results
Global mechano-responsiveness is maintained in the implanted bone
Despite the presence of the implant, the vertebrae were still well mechano-responsive as indicated by the substantial augmentation of distant trabecular BV/TV following four weeks of external loading (i.e. relative change of 28.8% when comparing week 7 to week 3, figure 2a ). During the stimulation phase, BV/TV increased linearly with a slope of 0.8%/week. In the control group, no significant changes were detected over time. Distant cortical bone also showed a positive reaction to external loading, characterized by cortical thickening, which was not observed in control mice (electronic supplementary material, figure S1a). The fairly large variability of BV/TV in the control group was caused by one single animal which received the implant closer to the growth plate. As in that region BV/TV is usually higher [57] , placing the implant there removes more bone with respect to other locations. Therefore, the overall BV/TV calculated in the region of interest far from the implant for that animal was smaller in comparison with other mice which had the implant in middle of the vertebra and, consequently, they had more bone in the distant region of interest. Although considering this animal as an outlier would reduce the variability of BV/TV, we decided not to exclude it from the analysis as the corresponding behaviour of the cortical bone, peri-implant bone as well as of the (re)modelling rates and probabilities did not show abnormalities. Considering bone (re)modelling, external mechanical stimulation altered both formation and resorption. Compared to control animals, loaded mice had higher BFR and, simultaneously, reduced BRR (figure 2b,c). The full time behaviour of the (re)modelling rates has to be understood considering the interplay between implantation and loading. In the time period following implant insertion and before loading, we observed a transient alteration of the (re)modelling rates characterized by a large decrease in BFR and an augmentation in BRR. Such changes, measured in trabecular bone far from the implant, confirmed the long range effect of implantation which is not confined to peri-implant bone, in agreement with previous studies [6, 38] . Specifically, high BFR (up to 1.8%/day) was measured in both loaded and control animals. At week-interval 3, BFR already diminished by roughly 50% and this behaviour was partially reversed by mechanical loading. BRR showed a peak (almost 2%/day in both loaded and control mice) at week-interval 3 and decreased afterwards. Loading caused BRR to decrease royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20180667 faster than in control animals: after two weeks of mechanical stimulation, the BRR had already dropped by a factor of 4 and only by 30% in the control group.
Mechanically driven bone (re)modelling is only transiently altered by implantation
The mechanical control of bone (re)modelling was investigated by correlating (re)modelling events at the bone surface with local tissue surface strains. In distant trabecular bone post-implantation, the frequency distributions of microstrains in formation and resorption regions largely overlapped (figure 3a) and the mean values of the two distributions were not significantly different (452.7 + 39.0 and 426.9 + 24.1 microstrains in formation and resorption locations). The corresponding (re)modelling probabilities were rather flat curves (figure 3c) indicating that local tissue strains had practically no influence on the (re)modelling behaviour, with bone formation and resorption taking place with a constant probability of about 0.35 that was similar for low-and high-strain regions. Following two weeks of mechanical stimulation, even if formation and resorption still occurred over a large range of microstrains, there was a separation of the two frequency plots: low-strain tissue was found more likely in resorption locations and high-strain bone on surfaces undergoing bone formation (figure 3b). This difference was confirmed by the means of the distributions, which were significantly different ( p , 0.001): 936.5 + 85.9 and 631.0 + 70.8 microstrains in formation and resorption surfaces, respectively. Now the (re)modelling rules clearly suggest a preference to form and to resorb bone as a function of local tissue strain (figure 3d). The probability for resorption was rather high (up to 0.75) for low-strain regions and decreased fast when increasing local microstrains, reaching a constant value of about 0.20 for microstrains greater than 1000. The probability for formation had the opposite trend, being small (less than 0.15) for tiny deformation of the bone matrix and slowly increasing with strain, approaching 0. 
Mechanical loading increases peri-implant bone volume by reducing bone resorption
After proving the global mechano-responsiveness of the implant-supplied vertebra, we evaluated how peri-implant bone responded to mechanical stimulation. Following implantation, peri-implant bone volume fraction had a slight increasing trend, which ended at week 3 in control animals (figure 4a). Conversely, in the loaded group, periimplant bone volume increased continuously with a rate of approximately 1.32%/week. At the end of the loading period, in the loaded animals it was about 14% higher ( p , 0.001) than in controls. Within peri-implant bone, the behaviour of bone volume was layer specific (figure 4b,c). Focusing on the four-week loading phase, the normalized layer bone volume increased fairly linearly in the three peri-implant regions for the loaded mice (figure 4b), with the strongest relative increase (about 26.6%) measured in the layer closest to the implant (L1) and the smallest (approx. 11.3%) in the layer furthest away (L3). The values of bone volume in three layers at the beginning of the loading treatment were not statistically different. In control mice, layer bone volume slightly increased only in L1 (5.1% in four weeks), whereas in L2 and L3 did not show statistically significant variations over time (figure 4c). The (re)modelling behaviour of peri-implant bone is reported in figure 5 . Bone formation was strongly influenced by implantation as indicated by the peak-shaped BFR curves, always showing a maximum at week-interval 3 (figures 5b -d). There, higher BFR were measured when going closer to the implant in both groups (i.e. from approx. 0.8%/day in L3 to 2.3%/day in L1). Loading seemed to increase BFR but relative differences between loaded and control animals (which were up to 25% in L1 at week-interval 5) were not statistically significant. This suggests that mechanical stimulation may have a secondary role with respect to implantation on peri-implant bone formation. Conversely, external stimulation had a large effect on bone resorption (figure 5e-g). Following load application, the tendency of BRR to increase post-implantation-which was evident in control mice up to week-interval 5-was stopped and even reverted. This behaviour is similar to that in the distant bone region (figure 2c). After two weeks of loading, BRR was significantly smaller ( p , 0.001) in loaded animals in all the three layers.
The tissue-level mechanical control of peri-implant bone (re)modelling is dependent on the distance from the implant
In peri-implant bone, the frequency distributions of microstrains in formation and resorption surfaces showed not only time-specific but also layer-specific patterns (figure 6). Close to the implant and before loading, both bone formation and resorption took place preferentially in regions with extremely low strains (figures 6a,c). In L1 around 24.2% and 38.2% of formation and resorption events occurred within a very narrow window of tiny tissue deformation (i.e. 0-100 microstrains), which corresponded to less than 1/30 of the full range of surface microstrains measured within peri-implant bone. Those figures decreased when moving away from the implant: in L2 the relative fractions of formed and resorbed bone having less than 100 microstrains were 8.9% and 29.3% (figure 6c) and in L3 about 4.1% and 10.8% (figure 6e). In these low-strain regions bone resorption was always more likely than formation. Furthermore, the mean values of the two distributions were always different: resorption surfaces had significantly smaller mean strains ( p , 0.001) than formation regions in the three layers (table 1) . The application of external mechanical loading had multiple effects on the preference to form and resorb bone as a function of local tissue microstrains ( figure 6b,d,f ) . Firstly, the relative amount of (re)modelling events occurring at extremely low-loaded locations decreased substantially. In L1 after four weeks of cyclic mechanical stimulation, we found only 5.3% and 16.4% of bone formation and resorption happening between 0 and 100 microstrains. Even smaller values were measured in L2 (2.4% and 6.6%) and in L3 (1.1% and 2.9%). Moreover, the frequency distributions became broader and shifted towards higher microstrains. A comparison of mean values of tissue microstrains revealed The (re)modelling probabilities computed in L1 (figure 7a), L2 (figure 7b) and L3 (figure 7c) at week-interval 7, confirmed dissimilarities in bone mechano-responsiveness within the different layers. The probability of bone formation in L3 was a rather flat curve (around a value of 0.3) until about 800 microstrains and increased afterwards. The probability of bone resorption had a decreasing trend until about 400 microstrains and stayed virtually constant for higher microstrains (at about 0.3). Bone formation became more likely than resorption only when the bone matrix was strained beyond approx. 800 microstrains. Interestingly, in L1 and L2, the 'switching' between resorption and formation occurred at much lower values, i.e. around 300 microstrains in L1 and around 510 in L2. Furthermore, in L3 the probability of resorption and formation did not show one single intersection point but an overlapping region extending from about 500 until 800 microstrains. In this specific strain range, bone formation and resorption were equally possible.
Discussion
Mechanical stimuli are known to be anabolic and have therefore been endorsed as physical therapy to augment bone strength. There are indications that the reaction of damaged or implanted bone to loading may differ from intact bone [58] . Therefore, the development of loading strategies to facilitate peri-implant regeneration requires a fundamental understanding of the influence of mechanical loading on peri-implant bone [9] . Here, we investigated the mechanical control of peri-implant bone (re)modelling in mice by performing a highly controlled mechanobiological experiment. We applied cyclic mechanical loading after implant insertion in tail vertebrae of oestrogen depleted mice and we monitored the response of peri-implant bone using in vivo micro-CT. Experimental data were combined with micro-finite element simulations to estimate local tissue strains in (re)modelling locations.
Despite oestrogen removal and implant placement, the implanted bones were still globally mechano-responsive as demonstrated by the load-driven increase in bone volume fraction in regions away from the implant. Such augmentation of bone mass could be attributed to higher bone formation and reduced bone resorption as seen in healthy 'implant free' bones of similar mice [27, 37] . The mechanical regulation of bone (re)modelling was transiently 'lost' soon after implant insertion, as bone formation and resorption did not depend on local tissue strains. However, during the loading phase, bone (re)modelling was clearly a mechanoregulated process as indicated by the frequency distributions of microstrains and the corresponding (re)modelling rules. From previous studies on similar animals we know that implantation can have a long range effect, with the (re)modelling process dominated by transiently elevated formation and resorption rates also far from the implant [6, 35] . As distant bone is located several hundred micrometres away from the implant, the observed loss of mechanical control is probably not due to the disruption of the osteocyte network. More likely, bone regeneration following implantation triggers other biological processes such as non-targeted (re)modelling which are transiently stronger than load-driven formation and resorption. The increase in bone mass around the implant is a crucial mechanism to improve its mechanical stability [7, 8, 59 ] and our study showed that peri-implant bone of osteopenic mice was highly responsive to mechanical stimulation. Even if loading was not applied directly to the implant but at the level of the whole bone, peri-implant bone volume increased significantly during the loading phase. The effect of loading depended on the distance from the implant surface: the strongest increase in peri-implant bone volume occurred close to the implant and the least effect was observed in the post-implantation (w- royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20180667 outermost layer. Likewise, peri-implant (re)modelling rates showed layer-specific behaviours. The substantial increase in bone formation following implant insertion was strongly localized in layer 1, which may be explained by the socalled de novo bone formation, triggered by the osteogenic potential of the implant surface [60, 61] which was coated here with a biocompatible metalliferous layer. Increases in bone resorption caused by implantation was less spatially localized and may reflect the need to repair diffuse bone damage [62] . Mechanical stimulation had a major effect on reducing peri-implant bone resorption whereas its impact on bone formation was minor. Although peri-implant bone formation tended to be higher following cyclic loading, differences between loaded and control animals were not statistically significant. Again, this is consistent with the fact that temporary alterations in bone (re)modelling caused by implantation may exceed load-driven changes. Our analysis of the frequency distributions of microstrains and of the (re)modelling probabilities revealed interesting layer-dependent aspects in the mechanical control of the (re)modelling process. In the outmost layer, the distributions of microstrains in formed and resorbed bone showed some overlapping. The related (re)modelling rules indicated a range of strains which could equally stimulate formation and resorption, meaning that in this region the mechanical control of (re)modelling is somewhat 'fuzzy'. This range was not present in L1 and L2 which featured just single intersections between formation and resorption probabilities. Moreover, the strain value at which formation becomes more likely than resorption was lower in L1, followed by L2 and L3. This could partially explain the stronger augmentation of bone volume observed in L1 as bone formation was activated already at lower strains than in the other two layers. We also observed clear layer-specific differences in the strain levels where (re)modelling events occurred: average strains of bone formation and resorption were significantly different among the three layers, with L1 featuring the smallest values and L3 the highest. This could be due to the presence of the implant with a Young's modulus much higher than bone, which caused peak stresses at some distance from the bone -implant interface due to a complex load redistribution, in analogy to inclusions inside cellular solids [63, 64] . Concerning the reduced mechano-responsiveness observed within peri-implant bone (especially in L3), our results are in agreement with previous studies reporting the effect of mechanical stimulation being confined around the implant [65, 66] . The obvious question concerns the possible biological explanations of this local dysregulation of bone (re)modelling. Clearly, implant insertion may damage the osteocyte network which is responsible to orchestrate loaddriven bone formation and resorption. Differences in the damage and in the reconstruction of this network together with the interplay between (re)modelling and healing may be the basis of the observed differences in the layers. royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20180667
Furthermore, L3 encompassed more cortical bone than L1 and L2 and this could be an additional reason for the different (re)modelling rules. When interpreting the (re)modelling rules, we must distinguish the calculated tissue-level strains from the stimulus actually sensed by the osteocytes. The latter is, most likely, a combination of different mechanical quantities including the fluid shear stresses acting on the cell membranes and cell processes [67] , the lacunar pore hydrostatic pressure built up during dynamic loading [68] , the locally amplified mechanical strains in the matrix around the osteocyte [69] and the microdamage related disruption of the osteocyte processes [70] . In fact, the values of tissue strain obtained in our research, as well as in similar works on rodents [33] and humans [32] , are typically too small to trigger cellular activity, at least in comparison with in vitro stimulation thresholds [71, 72] . Indeed, the complex lacunar-canalicular morphology together with the properties of the peri-lacunar matrix seem to induce very high strain amplification around the osteocytes [69] , and this mechanism could resolve the discrepancy between tissue-level and cellular-level strain [73] . Nevertheless, the mechanical stimulus calculated on the bone surface should be interpreted as a 'phenomenological' quantity proportional to the 'real' signal sensed by single osteocytes [74] . Our (re)modelling rules, connecting surface strains with formation and resorption events, are only a first step towards the full understanding the mechanical control of peri-implant bone (re)modelling. Obviously, such a phenomenological description is limited as it does not account for cellular-level mechanobiological processes [75] . Our findings call for new investigations to unravel the biological mechanisms of bone mechano-sensation and mechanotransduction at the cellular level. One interesting route could be to convert the strain tensor calculated here into lacunar pore hydrostatic pressure [68, 76] to obtain pressurefrequency plots, and to combine this mechanical information with spatially resolved descriptors of osteocytes functioning, such as in vivo calcium signals [77] . This approach should be supported by high-resolution micro-CT imaging to resolve individual osteocytes such that cell number and shape could be determined, allowing characterizing of their impact on pore pressure and fluid flow during ageing and disease [78] .
Some additional limitations of our work should be mentioned. Firstly, we waited three weeks after implant insertion before administration of loading. This recovery period was based on previous studies on similar mice to avoid loosening of the pins used for loading [21, 37] . Nevertheless, optimization of the loading protocol would require the ability to choose a suitable starting point for the mechanical stimulation. If loading starts before sufficient bone-implant integration, micro-motion may be induced at the bone-implant interface triggering bone resorption [79] and the formation of a weak fibrous tissue layer at the implant surface [60, 80] . The positive effect of mechanical stimulation may also be compromised if loading is delayed [81] . Secondly, in the peri-implant region we analysed bone behaviour without separating cortical from trabecular bone. This choice was motivated by the small amount of trabecular bone present in the middle of the vertebra compared to more proximal or distal locations [37, 57] . In the layer analysis, considering only trabecular bone would cause large variations in bone volume fraction for small differences in implant location, leading to a substantial increase in the variability of the results. One possible concern of analysing those compartments together is that, in the case of large bone growth, the drift of the cortical surfaces may hide the mechanoregulation of bone (re)modelling. However, data on the mechanical control of cortical bone (re)modelling in tibiae of young mice (where bone growth is elevated) confirmed that also such 'surface drift' is a highly mechanoregulated process [33] . Moreover, in our adult mice the (re)modelling rules measured in trabecular bone had qualitatively similar trends to those measured in the cortical compartment away from the implantation site. One additional limitation is that we described bone as a homogeneous material, whereas local bone tissue is highly heterogeneous and anisotropic [82] . Here we used a homogeneous and isotropic tissue modulus based on a previous validation study where micro-FE derived strains highly correlated (R 2 . 0.96) with surface strains measured experimentally through strain gauges inserted in mouse vertebra in dorsal and ventral locations [21] . However, one possible side effect of the assumption of tissue homogeneity is an overestimation of the apparent-level stiffness [52, 83] . Tissue heterogeneity may also impact our findings: micro-FE models of trabecular bone accounting for a gradual increase in mineral content when going from the surface to the inside of the trabeculae (where bone is usually older), demonstrated significantly lower stresses at the trabecular surface in comparison to homogeneous models [84] . In our context, tissue heterogeneity could therefore reduce the average effective strains measured at the bone surface leading to a re-scaling of the horizontal axis of the (re)modelling rules. If we consider a more complex (re)modelling stimulus based for example on strain gradients, tissue heterogeneity would probably have a much larger impact. The role of tissue anisotropy on our findings is less clear. It has been shown that tissue anisotropy reduces peak strains in comparison to isotropic continuum FE models of bone [85] and, specifically, anisotropy seems to reduce hydrostatic stress and to marginally increase von Mises stress [86] . As these two types of stimuli could influence bone (re)modelling (hydrostatic stress may be linked to lacunar pore pressure and deviatoric stress to fluid flow), the overall impact of tissue anisotropy on the (re)modelling rules reported here is still an open question. We also did not directly compute the strength of the boneimplant system. This could be done either with experimental testing at the last time point or using micro-FE simulations [59] . However, the latter would require an extensive validation study and would also need advanced modelling strategies to describe the bone-implant interface [87] .
In conclusion, we showed not only that mechanical stimulation can substantially increase peri-implant bone mass in osteopenic mice but also we characterized the specific relationship between local tissue strains and bone (re)modelling around an implant. Our results indicated that following implant insertion the mechanical regulation of bone (re)modelling may be transiently 'blurred' and that this phenomenon may depend on the distance from the implant surface. Our findings should help to clarify the role of mechanical stimulation on peri-implant bone mass and, hopefully, to design effective loading protocols preventing peri-implant bone loss. finite element simulations; M.S. provided the biocompatible coating for the implants; G.K., R.M. and D.R. conceived and coordinated the study. Z.L. and D.R. wrote the manuscript with input from all coauthors. All authors gave final approval for publication.
